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A commercial pyrophosphatase from Saccharomyces cerevisiae selectively hydrolyzed sodium pyro-
phosphate, but showed no significant activity towards a range of other organic and condensed inorganic
phosphorus compounds. Pyrophosphate determined by pyrophosphatase hydrolysis accounted for
38 4 12% (mean =+ standard error of 19 sites) of the non-reactive phosphorus in soil solution obtained by
centrifugation from a series of lowland tropical rain forest soils. Pyrophosphate concentrations were up
to 89 pg P 17! and correlated positively with microbial phosphorus, soil solution pH, and native phos-
phomonoesterase activity in soil solution, but not with total soil pyrophosphate determined by NaOH
—EDTA extraction and solution >'P NMR spectroscopy. In summary, we identify pyrophosphate as a major
constituent of soil solution phosphorus in lowland tropical rain forests, and demonstrate that a com-
mercial pyrophosphatase can be used as a selective tool to quantify trace concentrations of pyrophos-
phate in soil solution.

Tropical forests

© 2014 Elsevier Ltd. All rights reserved.

Pyrophosphate is ubiquitous in soils, where it appears to origi-
nate mainly from soil fungi (Rasmussen et al., 2000; Makarov et al.,
2005; Blinemann et al., 2008). However, the role of pyrophosphate
in the nutrition of plants remains poorly understood, due in part to
the difficulty in its quantification at low concentrations in soil so-
lution. Ion chromatography was used to assess the fate of pyro-
phosphate fertilizer added to soils (e.g., McBeath et al., 2007), while
pyrophosphate can be quantified in alkaline soil extracts by solu-
tion >'P NMR spectroscopy (e.g., Turner et al., 2003). However, the
latter procedure is inappropriate for analysis of soil solution due to
its relative insensitivity.

Several studies have used phosphatase enzymes to detect
phosphorus compounds in soil solution or soil water extracts (e.g.
Shand and Smith, 1997; Hayes et al., 2000; Turner et al., 2002).
Phosphatases added to soil solution or extracts catalyze the hy-
drolysis of specific functional organic phosphorus groups, allowing
detection of the released orthophosphate by routine colorimetry.
Phosphatase hydrolysis procedures are sufficiently sensitive to
quantify trace concentrations of organic phosphates in solution,
but established protocols have not identified pyrophosphate
separately from simple phosphomonoesters (reviewed in

* Corresponding author. Tel.: +45 65502774; fax: +45 65930457.
E-mail address: reitzel@biology.sdu.dk (K. Reitzel).

http://dx.doi.org/10.1016/j.s0ilbio.2014.03.001
0038-0717/© 2014 Elsevier Ltd. All rights reserved.

Biinemann, 2008). As a result, data on soil solution pyrophosphate
remains scarce.

We tested the specificity of a commercially available pyro-
phosphatase from Saccharomyces cerevisiae (baker’s yeast; Sigma
product number 9024-82-2) towards a range of model phosphorus
compounds and then applied this technique to soil solution ob-
tained by centrifugation from a series of lowland tropical rainforest
soils in the Republic of Panama. Soil solution is of interest because it
is the source of nutrients for plant uptake. Pyrophosphatase was
tested against 14 different organic phosphorus compounds and
three condensed inorganic phosphates. All assays were conducted
in 96 well microplates, with each well receiving 152 ul of sample,
28 ul of 2-morpholinoethanesulfonic acid (MES) buffer (pH 5.5),
and 20 pl of pyrophosphatase prepared in buffer. Although the
optimum pH of the enzyme is 7.0, we used a pH 5.5 buffer to
approximate the mean pH of soil solution in our study sites to
minimize any changes in soil solution chemistry that might influ-
ence the assays. The MES buffer contained 2 mM magnesium
chloride to stimulate pyrophosphatase activity and 1 mM sodium
azide to eliminate microbial activity during the assay without
lysing microbial cells (Turner et al.,, 2002). The final buffer con-
centration in each well was 15 mM. Solutions of authentic phos-
phorus compounds (200 pg P 1-!) were incubated at 35 °C with
pyrophosphatase (final activity 0.1 nkat ml~') for 24 h and the
soluble reactive phosphate (SRP) concentration determined
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colorimetrically by the malachite green method (Irving and
McLaughlin, 1990) with a detection limit of 6 pg P 1-! (D’Angelo
et al., 2001). The difference between SRP in control and enzyme-
treated solutions was assumed to represent pyrophosphatase-
hydrolyzable phosphorus. Samples containing buffer solution,
pyrophosphatase and commercial pyrophosphate were always
included in the soil solution assays to verify that the enzyme ac-
tivity was sufficient to completely hydrolyze 200 pg P 1! of pyro-
phosphate within 24 h.

The pyrophosphatase was remarkably specific to the target
substrate, hydrolyzing 100% of sodium pyrophosphate, but <2% of a
series of phosphomonoesters, phosphodiesters, organic poly-
phosphates, and phosphonates. Pyrophosphatase released no
phosphate from an authentic sample of long-chain polyphosphate
(n = 45), although we recommend that enzyme specificity should
be tested against additional chain types in future studies.

To assess the applicability of the pyrophosphatase to environ-
mental samples, we collected soil solution from a series of 19 sites
under lowland tropical rainforest in the Republic of Panama (see
Turner and Engelbrecht, 2011 for details of soil properties of the
majority of the sites). At each site, four replicate soil samples were
collected during the 2012 wet season. Soil solution was isolated by
centrifugation of 1.2 kg soil for 15 min at 10,000 g (Giesler et al., 1996)
and then filtered through a 0.45 pum cellulose-acetate membrane
(Whatman) on the day of collection. Within 24 h we determined SRP
and pyrophosphatase-hydrolyzable phosphorus as described above.
We also determined total dissolved phosphorus (TDP) by persulfate
oxidation (Koroleff, 1983) and calculated non-reactive phosphorus as
the difference between TDP and SRP. Microbial phosphorus was
measured as phosphorus released following hexanol fumigation (i.e.
without application of a correction factor; Kouno et al., 1995). Native
phosphomonoesterase activity in the soil solution was measured by
fluorescent substrates (Turner and Romero, 2010). Whole-soil py-
rophosphate was determined by NaOH—EDTA extraction and solu-
tion >'P NMR spectroscopy (Turner and Engelbrecht, 2011).

Pyrophosphatase-hydrolyzable phosphorus (i.e. pyrophosphate)
concentrations were on average 31 = 6 pg P 1-! (mean =+ standard
error of 19 sites) and accounted for 38 + 12% of the non-reactive
phosphorus in soil solution. Mean concentrations for individual
sites were up to 89 pg P 1! (Fig. 1) and accounted for up to 100% of
the non-reactive phosphorus. Pyrophosphate concentrations were
correlated positively with microbial phosphorus, native phospho-
monoesterase activity in the soil solution, and pH of the soil solution
(Fig. 1). However, there was no significant correlation (p > 0.05)
between soil solution pyrophosphate measured by enzyme hydro-
lysis and whole-soil pyrophosphate determined by NaOH—EDTA
extraction and solution 3'P NMR spectroscopy (Fig. 1). A simple es-
timate based on site averages indicates that pyrophosphate in soil
solution constituted on average <1% of the pyrophosphate deter-
mined by NMR spectroscopy (assuming 30% water content and a
bulk density of 1.0 g cm3).

The strong correlations between pyrophosphate in soil solution,
native enzyme activity, and microbial phosphorus suggest that soil
solution pyrophosphate has a microbial origin. Indeed, several
studies have reported high concentrations of pyro- and poly-
phosphate in soil fungal tissue (Makarov et al., 2005; Biinemann
et al., 2008; Koukol et al., 2008). However, the absence of a corre-
lation between soil solution pyrophosphate and pyrophosphate
determined by 3'P NMR spectroscopy suggests that these pools are
decoupled, perhaps because 3'P NMR spectroscopy detects a rela-
tively stable pyrophosphate pool that is sorbed strongly to the
mineral soil matrix (Gunary, 1966) or contained within live fungal
tissue (Koukol et al., 2008; Cheesman et al., 2012).

These results demonstrate that pyrophosphate constitutes a
quantitatively important, but poorly understood, form of
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Fig. 1. Correlations between soil solution pyrophosphate and (A) microbial phos-
phorus, (B) pH in soil solution, (C) native phosphomonoesterase activity in soil solu-
tion, and (D) whole-soil pyrophosphate determined by NaOH—EDTA extraction and
solution *'P NMR spectroscopy. Pearson’s correlation coefficients (r) are shown and are
significant at p < 0.008. Data on pyrophosphate determined by NMR spectroscopy
were non-normally distributed and were In transformed for analysis. In the Y-axis
units in (C), MU is the hydrolysis product methylumbelliferone.

biologically available phosphorus in the soil solution of lowland
tropical rainforests. This agrees with previous reports that dis-
solved condensed inorganic phosphate (i.e. pyro- and
polyphosphates) constituted a considerable proportion of the TDP
in soil solutions from UK grasslands (e.g., Ron Vaz et al., 1993;
Shand et al., 2000). The labile nature of soil solution pyrophos-
phate (McBeath et al, 2008) supports the hypothesis that
transpiration-induced mass flow can supply a considerable
amount of hydrolyzable phosphorus compounds to the root sur-
face and therefore contribute to phosphorus nutrition of the for-
est (Cernusak et al., 2011).

In addition to providing new insight to the role of pyrophos-
phate in the environment, the use of pyrophosphatase in combi-
nation with other enzymes will allow a more precise identification
of phosphorus fractions by enzyme-hydrolyzable phosphorus
procedures in soil and waters. The pyrophosphatase assay offers a
highly substrate-specific and sensitive method to identify and
quantify pyrophosphate in soil solution, and should be considered
in future enzyme-hydrolyzable phosphorus assays.



K. Reitzel, B.L. Turner / Soil Biology & Biochemistry 74 (2014) 95—97 97

Acknowledgments

We thank the Dayana Agudo and Julio Rodruigez for laboratory
and field assistance. Kasper Reitzel was funded by grant #1637604
from the Danish Council for Independent Research|Natural
Sciences.

References

Biinemann, E.K., 2008. Enzyme additions as a tool to assess the potential bioavailability
of organically bound nutrients. Soil Biology and Biochemistry 40, 2116—2129.
Biinemann, E.K., Smernik, RJ., Marschner, P., McNeill, A.M., 2008. Microbial syn-
thesis of organic and condensed forms of phosphorus in acid and calcareous

soils. Soil Biology and Biochemistry 40, 932—946.

Cernusak, LA., Winter, K., Turner, B.L., 2011. Transpiration modulates phosphorus
acquisition in tropical tree seedlings. Tree Physiology 31, 878—885.

Cheesman, A.W., Turner, B.L, Reddy, K.R.,, 2012. Soil phosphorus forms along a
strong nutrient gradient in a tropical ombrotrophic wetland. Soil Science So-
ciety of America Journal 76, 1496—1506.

D’Angelo, E., Crutchfield, ], Vandiviere, M., 2001. Rapid, sensitive, microscale
determination of phosphate in water and soil. Journal of Environmental Quality
30, 2206—2209.

Giesler, R., Lundstrom, U.S., Grip, H., 1996. Comparison of soil solution chemistry
assessment using zero-tension lysimeters or centrifugation. European Journal
of Soil Science 47, 395—405.

Gunary, D., 1966. Pyrophosphate in soil: some physico-chemical aspects. Nature
210, 1297—1298.

Hayes, J.E., Richardson, A.E., Simpson, RJ., 2000. Components of organic phosphorus
in soil extracts that are hydrolysed by phytase and acid phosphatase. Biology
and Fertility of Soils 32, 279—286.

Irving, G.CJ., McLaughlin, M.J., 1990. A rapid and simple field-test for phosphorus in
Olsen and Bray No 1 extracts of soil. Communications in Soil Science and Plant
Analysis 21, 2245—2255.

Koroleff, F.,, 1983. Determination of nutrients. In: Grasshof, K., Ehrhardt, M., Kremlin, K.
(Eds.), Methods of Seawater Analysis. Verlag Chemie, Weinheim, pp. 125—-139.

Koukol, O., Novak, F., Hrabal, R., 2008. Composition of the organic phosphorus
fraction in basidiocarps of saprotrophic and mycorrhizal fungi. Soil Biology and
Biochemistry 40, 2464—2467.

Kouno, K., Tuchiya, Y., Ando, T., 1995. Measurement of soil microbial biomass
phosphorus by an anion exchange membrane method. Soil Biology and
Biochemistry 27, 1353—1357.

Makarov, M.I, Haumaier, L., Zech, W., Marfenina, O.E., Lysak, L.V., 2005. Can >'p
NMR spectroscopy be used to indicate the origins of soil organic phosphates?
Soil Biology and Biochemistry 37, 15—-25.

McBeath, T.M., Lombi, E., McLaughlin, M.J., Biinemann, E.K., 2007. Polyphosphate
speciation for soil and fertilizer analysis. Communications in Soil Science and
Plant Analysis 38, 2445—2460.

McBeath, T.M., Lombi, E., McLaughlin, MJ., Biinemann, E.K, 2008. Isotopic
exchangeability, hydrolysis and mobilization reactions of pyrophosphate in soil.
Soil Science Society of America Journal 72, 1337—1343.

Rasmussen, N., Lloyd, D., Ratcliffe, R.G., Hansen, P., Jakobsen, I, 2000. *'P NMR for
the study of P metabolism and translocation in arbuscular mycorrhizal fungi.
Plant and Soil 226, 245—253.

Ron Vaz, M.D., Edwards, A.C., Shand, C.A., Cresser, M.S., 1993. Phosphorus fractions
in soil solution — influence of soil acidity and fertilizer additions. Plant and Soil
148, 175—-183.

Shand, C.A., Smith, S., 1997. Enzymatic release of phosphate from model substrates
and P compounds in soil solution from a peaty podzol. Biology and Fertility of
Soils 24 (2), 183—187.

Shand, C.A., Smith, S., Edwards, A.C., Fraser, A.R., 2000. Distribution of phosphorus
in particulate, colloidal and molecular-sized fractions of soil solution. Water
Research 34, 1278—1284.

Turner, B.L, Engelbrecht, B.M.J., 2011. Soil organic phosphorus in lowland tropical
rain forests. Biogeochemistry 103, 297—315.

Turner, B.L., Mahieu, N., Condron, L.M., 2003. The phosphorus composition of
temperate pasture soils determined by NaOH-EDTA extraction and solution >'P
NMR spectroscopy. Organic Geochemistry 34, 1199—-1210.

Turner, B.L, McKelvie, L.D., Haygarth, P.M. 2002. Characterisation of water-
extractable soil organic phosphorus by phosphatase hydrolysis. Soil Biology
and Biochemistry 34, 27—35.

Turner, B.L.,, Romero, T.E., 2010. Stability of hydrolytic enzyme activity and microbial
phosphorus during storage of tropical rain forest soils. Soil Biology and
Biochemistry 42, 459—465.


http://refhub.elsevier.com/S0038-0717(14)00078-9/sref1
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref1
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref1
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref2
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref2
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref2
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref2
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref3
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref3
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref3
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref4
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref4
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref4
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref4
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref5
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref5
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref5
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref5
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref6
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref6
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref6
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref6
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref7
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref7
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref7
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref8
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref8
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref8
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref8
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref9
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref9
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref9
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref9
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref10
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref10
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref10
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref11
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref11
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref11
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref11
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref12
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref12
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref12
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref12
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref13
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref13
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref13
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref13
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref13
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref14
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref14
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref14
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref14
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref15
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref15
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref15
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref15
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref17
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref17
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref17
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref17
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref17
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref18
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref18
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref18
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref18
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref18
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref19
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref19
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref19
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref19
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref20
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref20
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref20
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref20
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref21
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref21
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref21
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref22
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref22
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref22
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref22
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref22
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref23
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref23
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref23
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref23
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref24
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref24
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref24
http://refhub.elsevier.com/S0038-0717(14)00078-9/sref24

	Quantification of pyrophosphate in soil solution by pyrophosphatase hydrolysis
	Acknowledgments
	References


